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DETEIHtNATION OF THE SURFACE STATE OF METAL POWDER */69 
PARTICLES BY SCATTERING OF LIGHT 

A.I.Raychenko* 

Quantitative character is t ics  of the degree of roughness of 

metal powder par t ic les ,  assumed t o  be convex and of equal 

disperseness, determined from t he  scattering of l i g h t  of 

wavelength shorter than the  size of surface i r r egu la r i t i e s  

are derived, with formulas for the  scat ter ing indicatr ices  

i n  diffract ion,  reflection, and absorption. The d i f f rac t ion  

par t  of the scat ter ing is used a s  dispers i ty  control of t h e  

I n  prac t ica l  powder metallurgy t h e  p ro f i l e  of the powder pa r t i c l e s  i s  often 

studied experimentally &der the optical  o r  electron microscope [see, for in- 

stance, Bibl. (l)]. 

ducing objective quantitative character is t ics  describing the  degree of rough- 

I n  t h i s  paper, we w i l l  es tabl ish the poss ib i l i t y  of intro- 

ness of the powder pa r t i c l e s  involved, by making use of the varying scattering ..- 

power of the surface of sol ids  with varying number of surface i r r egu la r i t i e s  of 

s izes  several times as great as the wavelength of the radiation employed. It 

should be  remembered, i n  t h i s  connection, t ha t  the powders compared here have 

p a r t i c l e s  wi th  similar "roughrr shapes, but  of d i f fe ren t  degree of roughness. 

L e t  us  assume f o r  simplicity that  t he  pa r t i c l e s  of the  powders under study 

a r e  convex and substantially of the  same disperseness. If v i s ib l e  l i g h t  i s  
U 
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used t o  emmine the ordinary powders used i n  powder metallurgy, then the rela- 

t i on  x 4 1 will hold (where x = -, a = par t i c l e  radius, X = wavelength of 

the l i gh t ) ;  in other  words, the approximation of geometric op t ics  will obtain. 

It i s  w e l l  known tha t  l i g h t  incident on any object undergoes diffract ion,  re- 

f lec t ion  (primary o r  a f t e r  a ser ies  of refractions),  a d  absorption. 

analyze each of these phenomena and see the r e su l t s  of t h e i r  study. 

2rra 
x 

L e t  us  

1. Diffraction. If t h e  incident l i g h t  i s  considered a plane wave and we 

view the  diffract ion figure a t  a distance far greater  than the dimensions of the 

scat ter ing object, we have the case of Fraunhofer diffraction. 

of the  diffracted l i g h t  i s  determined by the formula (Bibl.2): 

The intensi ty  

where d i  i s  the quantity of radiant energy incident (as a r e su l t  of d i f f rac t ion  

a t  the p a r t i c l e )  on the eienieiitaq area dS p q e z 4 i ~ i ! . ~ r  to f.he ray; G is the  

area of the greatest  cross section of t h e  scattering pa r t i c l e  perpendicular t o  

the  incident l i g h t ;  r i s  the  distance from the pa r t i c l e  to the elementary area 

dS; Io i s  the in tens i ty  of the incident l i gh t ;  D(0, w) i s  a function describing 

(with an accuracy t o  within fac tors  independent of t h e  polar angle 0 and the 

azimuth a)) the  amplitude of the diffracted wave. 

i s  close t o  spherical, then the amplitude d is t r ibu t ion  of the scattered l i g h t  /70 
w i l l  be close t o  the  l a w  

I f  t he  shape of the pa r t i c l e s  

where J1 ( z )  i s  a Bessel function. 

A s  indicated by eq.(2), i n  this case the amplitude (and in tens i ty)  of the  
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diffracted wave w i l l  not depend on t h e  azimuth. We note t h a t  the difference 

between the diffract ion figure given here and that given by eq.(l), taking ac- 

count of eq. (2), can serve as a cr i ter ion of the deviation of the pa r t i c l e s  
1 -  

from spherical shape. For this purpose, f o r  instance, we might use the  r a t i o  

of the maxuna ' i n  the second and f i r s t  diffract ion rings. L e t  us evaluate the  

minimum distance between object and screen tha t  w i l l  permit the  f irst  dark r ing 

(i.e., in tens i ty  minimum) t o  appear i n  tk .9  area cut out by the  primary beam. 

The f irst  root of J1(z) reads 

Since t h e  d i f f rac t ion  pat tern i s  concentrated a t  very small  8 ,  we w i l l  re- 

place sin 0 by the argument 

u) 

(8, Is the zcgle a t  which the  appearance of the f i r s t  dark ring is expected). 

Iience 8, = 0.61 -. 
be of the  order of 4. 

h 
a 

L e t  the  l i n e a r  dimension of the transverse incident beam 

Then t h e  required minimum distance R1 will obey the in- 

equal i ty  

hence 

If, f o r  instance, 4 1 cm, a 100 p,  h 0.5 p, then R1 2 30 cm. 

It i s  wellknown t h a t  diffract ion does not depend on the physical nature of 

the  object  nor on t h e  physical s t a t e  of i t s  surface, but i s  determined ex- 

clusively by the geometry of the cross section of t h e  object i n  the path of the 

incident l igh t .  The f a c t  t ha t  the  objects being compared consist of pa r t i c l e s  

of t he  s a m e  tlroughrt shapes can therefore be checked by the  dis t r ibut ion of in- 
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t ens i ty  in the diffracted ray. 

2. Reflection. For convex par t ic les  considerably greater  i n  l i nea r  dimen- 
I -  

sions than the wavelength A ,  the  law of ref lect ion f r o m  spherical pa r t i c l e s  

will hold (Bibl.2). I f  the powder exanined consisted of ideal ly  ref lect ing 

spherical par t ic les ,  then the diagonal elements of the scat ter ing matrix would 

be nonzero afid would be expressed by the formulas (Bibl.2) 

I where T i s  the angle between the straight l i n e  running f r o m  the point a t  which 

the incident ray meets the surface of the sphere facing the ray, and the tan-& 

gent plane t o  the sphere a t  t ha t  point, while 8 = 2~ i s  the angle of scattering 

(Fig.1). 

Fig.1 Geometry of Reflection of Light from 
the Surface of a Spherical Pa r t i c l e  

O f , O r r  - direction of incident l i gh t ;  ABllOfOrr - 
same, of incident rays; DE - t race  of plane tan- 
gent t o  the  sphere a t  the point of incidence of 
the ray B;  BC - reflected ray; OG - l i n e  indi- 
cating direct ion of reflected ray and passing 

through the center of the pa r t i c l e  (BCIIOG). 
The angles a re  marked on the sketch. 

Equation ( L )  i s  val id  f o r  spherical pa r t i c l e s  of a substance with Fresnel 

reflection coefficients equal i n  absolute value t o  unity. For the case of a 

metal sphere, the components of the scattering matrix a r e  obtained on multiply- 
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i ng  S1(O ) and Sa(0 ) of eq,(4) by t h e  corresponding ref lect ion coefficients: q 

fo r  polarization perpendicular t o  the plane of scat ter ing and r2 para l l e l  t o  

the plane of scattering. Hence, we obtain the expression f o r  the in tens i ty  of 

scat ter ing of natural  l igh t :  

To obtain the angular in tens i ty  dis t r ibut ion [eq. (5) ] ,  we must f ind the 

angular dependence of 1 rl 1" and 1 r,I2 . 
of wavelengths of electromagnetic radiation (including the  luminous wavelengths ) , 
metals have a complex refract ive index 

It i s  well known tha t ,  over a wide range 

where both nl  and n" a re  of the order of uni ty  in the v i s ib l e  spectrum region. 

To calculate  the required squares of the moduli of the  ref lect ion coefficients,  

we must use generalized Fresnel formulas f o r  media with complex ref lect ion co- 

e f f i c i e n t s  [cf., f o r  instance, (Bibl.3)I. 

interest here, the magnetic permeability i s  unity, these formulas will have the 

Remembering tha t ,  i n  the range of 

form 

(where cos% i s  used everywhere as the angular quantity, t o  f a c i l i t a t e  the 

forthcoming t rans i t ion  from T t o  the scattering angle 0 ) .  

Substi tuting eq.(6) in to  eqs.(7)  and (8) leads t o  the following -res- 

sions : 
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The square of the modulus f rl 1" = rln* i s  obtained on multiplying eq. (9)  by /72 

its complex conjugate 

An 

omitted 

where 

where 

analogous operation must be performed on r2. Unwieldy expressions, 

here, lead to the following relations:  

A, 1 = - 
B1 ' 
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[in eqs.(13), (lL), (16), (17) the minus sign r e l a t e s  t o  AI, A,, and the plus 

sign t o  B 1, B a  respectively]. 

The scattering ind ica t r lx  may be characterized by the  angular dependence 

of the quantity: 

The above relat ions must be considered more o r  less t rue  f o r  smooth re- 

flecting particles.  However, i f  t h e  surface of these pa r t i c l e s  i s  covered by a 

considerable number of i r r egu la r i t i e s  o f  a s ize  comparable with the wavelength 

of the  radiation used, then t h e  scattering of the incident l i g h t  by the part- 

i c l e s  1611 be diffuse,  and allowance must be made f o r  this by an appropriate 

factor. 

factor  

For example, i f  the diffuse reflection obeys the Lambert law, then the 

must be used. If, instead, it is determined by the  Seelinger law, then the 

fac tor  t o  be applied w i l l  be (Bib1.L) 

It should be remembered tha t  eqs.(19) and (20) give so-called %nnormedtt 

l a w s  of diff'use ref lect ion and therefore permit an investigation of the form of 

the ind ica t r ix  but by no means of the absolute values of H ( 8 )  f(0).  

should sa t i s fy  us, however, since the c r i t e r i a  proposed w i l l  be the r a t io s  of 

t h e  quant i t ies  H(O ), 

This 

and 
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0 

Law of 
Reflection 

a t  any two angles 8 ,  without depending on the constant fac tors  by which fL ( e  ) 
I 
l and fs ( e )  may have been multiplied. Numerical tables  corresponding to each of 

the  two laws (19 )  and (20) a re  given elsewhere (Bib1.L). 

Mirror According t o  According t o  
Reflection Lambert Seelinger 

I -  As an example, we calculated three scat ter ing indicatr ices  f o r  i ron powder 

with f a i r l y  coarse pa r t i c l e s  (x % l), a t  monochromatic unpolarized l i g h t  of 

wavelength X = 0.668 p.  

= 1.70 - 1.8L i. 

The refractive index in t h i s  case (Bibl.2) was m = 

I 

Figure 2 shows a l l  three indicatr ices  (without the  d i f f rac t iona l  part). 

The diagram indicates 

No 
I 

allowance has been made f o r  the end ef fec ts  (Bibl.2). 

t h a t  i ron par t ic les  with a smooth surface sca t te r  a h s t  isotropical ly  in the 

back hemisphere ( e  2 YO'), while scattering in the front  hemisphere ( e  < 90" )  

increases substantially,  reaching a maximum a t  8 = 90'. The diagram a lso  shows 

I (at  half-scale) the  scat ter ing indicatr ices  of t h e  same iron powder pa r t i c l e s  

with a surface tha t  diffuseiy re f iec ts  i ig i l i  accoxEiig tc: k ~ h e r t  zed m c n r d i n g  I 
t o  Seelinger. 

differences a re  noted i n  the range of angles 40 t o  80'. 

The two indicatr ices  resemble each other. The most substantial  

Ihving determined the  scattering indicatrices,  we can then select  c r i t e r i a  

f o r  characterizing t h e  surface s t a t e  of the par t ic les  under examination. 

example, such a c r i te r ion  might be 

For 

For a theoret ical  scat ter ing indicatrix,  t h i s  quantity takes the following 

numerical values: 
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Fig. 2 Scattering Indicatrices of Monochromatic - 
(A = 0.668 p )  Unpolarized Light on Iron Powder 

1 - H(O ) = mirror reflection; 2 - 2H, (9 ) = diffuse 
ref lect ion according to  Lambert; 3 - 2Hs (9 ) = 
= diffuse ref lect ion according t o  Seelinger 

3. Absorption. For x 9 1, the refracted ray i s  completely absorbed in the 

metal powder and does not par t ic ipate  i n  the  formation of t h e  d i f f rac t ion  pat- 

t e rn  (Bibl.2). Thus, diffract ion and ref lect ion should be taken in to  account, 

and this has been done above. 
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